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Abstract 
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ID The ^ J/tpr]'^'' decays provide new terrain for exploring CP violation. After 

briefly discussing r]-rj' mixing, we analyse the effective lifetimes and CP-violating 

^ observables of the Bg channels, which allow us to probe New-Physics effects in B^- 

^ I Bg mixing. We have a critical look at these observables and show how hadronic 

^ corrections can be controlled by means of the B^ decays. Using measurements of 

• ^ the —7- J/ipT]^'^ branching ratios by the Belle collaboration, we discuss tests of 

the SU (3)f flavour symmetry of strong interactions, obtain the first constraints on 
the hadronic parameters entering the — > J/ipr] system, and predict the B^ — >■ 
J/il^r]' branching ratio at the 5 x 10~^ level. Furthermore, we present strategies 
for the determination of the rj-rj' mixing parameters from the B^^ — )■ J/'^rj^'^ 
observables. We also observe that the B^ ^ ^ J/ipT] and B^^ — t- J/tprj' decays are 
- from a formal point of view - analogous to the quark-antiquark and tetraquark 
descriptions of the /o(980) in the — > J/V'/o(980) channels, respectively. 
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1 Introduction 



With the Large Hadron CoUider (LHC) at CERN collecting plenty of data, tests of the 
Standard Model (SM) have entered a new era. Concerning the exploration of the quark- 
flavour sector, the study of CP violation in i?s-nieson decays at the LHCb experiment is 
one of the most exciting aspects of this endeavor. In addition to various, by now "stan- 
dard", Bg decays [ij, another interesting probe is offered by the 5° — >■ J/ijjr]^''^ channels. 
In these decays. New Physics (NP) can enter through CP-violating contributions to 5°- 

mixing, which is a strongly suppressed loop phenomenon in the SM (see, for instance, 
Refs. |2] and references therein). 

In Ref. fs], a determination of the angle 7 of the Unitarity Triangle (UT) of the 
Cabibbo-Kobayashi-Maskawa (CKM) matrix was proposed that relates the B^ — J jtl)-}]^'^ 
decays to — ?■ J/iprj^''> through the SU{?>)-p flavour symmetry of strong interactions. 
This method is a variant of the -B°^ — > J /ipKo, strategy proposed in Ref. As was re- 
cently shown jsj, the extraction of 7 from the 1?°^ — )■ J/ipKs system is possible at LHCb 
but cannot compete with other strategies 1 ; the situation for 5°^, — )■ J/ipr]^''^ looks even 
more challenging. However, the 5° — )■ .JptpKs mode will still play an important role 
at LHCb as a "control channel", allowing us to take hadronic SM corrections in the 
extraction of the UT angle /3 from the CP violation in B^ — )■ J/ipKs into account [4||5]. 

In the present paper, we shall follow a similar avenue, assuming that 7 will be mea- 
sured at LHCb with a precision of a few degrees by means of the corresponding bench- 
mark decays in the next couple of years ^j. We will then use the B'^ — J/tpi]^'^ decays 
to control the hadronic corrections to observables of the 5° — )■ J/ipr]^'^ modes, which 
are sensitive to NP effects in B^-B^ mixing. To be specific, we will study the effective 
lifetimes and CP-violating rate asymmetries of the 5° — > J/ipr]^'^ decays. In contrast 
to the rate asymmetries, the lifetime analysis utilizes the sizable width difference AF^ 
between the Bg mass eigenstates and requires only untagged Bg data samples. Here one 
does not distinguish between initially present B^ or B^ mesons, which is advantageous 
from an experimental point of view. 

The power of the B'^ — )■ J/ipr]^''' observables to reveal CP- violating NP contributions 
to B^-B^ mixing is limited by doubly Cabibbo-suppressed contributions to the decay 
amplitudes. We will explore the impact of the relevant non-perturbative parameters, 
which cannot be calculated reliably in QCD, and discuss how they can be determined 
from B^ — )■ J/'ipr]^'^ data through the SU{3)f flavour symmetry of strong interactions. 
Thanks to their different CKM amplitude structure, the hadronic parameters are not 
doubly Cabibbo-suppressed in these channels, thereby leading to significant effects in 
the corresponding observables. 

Using — )■ J/iprj branching ratio measurements by the Belle collaboration, we 
introduce quantities to probe 5'?7(3)F-breaking effects, obtain first constraints on the 
relevant penguin parameters, and discuss strategies to extract the 77-77' mixing param- 
eters. We also point out that the — )■ J/tl^rj and — )■ J/ipr]' decays are - from a 
formal point of view - analogous to the quark-ant iquark and tetraquark descriptions of 
the scalar /o(980) state in B^ — )■ J / ip fo{98(]) , respectively |6]. For simplicity, we shall 
from here on abbreviate the /o(980) as /q. 

Unfortunately, the experimental analyses of the B^ — )■ J/ipi]^''^ modes are complicated 
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by the reconstruction of the r]^'^ decays. The most prominent channels are t] — )• 27, 3ti^, 
TT+TT"??", 7r+7r~7 and rj' — )■ tt'^tt'i], p°7, n^ir^r] [7j, which have challenging signatures for 
studies at hadron colliders. At the future e+e~ SuperKEKB and SuperB projects the 
prospects of measuring these decays may be more promising. 

The outline is as follows: in Section [2| we give a brief overview of 77-77' mixing anc 
discuss how it is implemented in the 5° — J/-ipr]^'^ decay amplitudes. In Section h 
we turn to the effective lifetimes and the CP- violating observables of the — )■ Jf-iprf^ 
transitions. In Section |4| we focus on the — )■ J/ipr]^''> decays and their role as control 
channels. Finally, we discuss determinations of the rj-rj' mixing parameters from the 
-^sd ~^ J /''prj^''^ branching ratios in Section|5| and summarize our conclusions in Section 6 

2 The 5° Jlil^T]^'^ Decay Amplitudes 

Before focusing on the 5° — )■ J/iprj^''> decays, we will first give a brief overview of 77-77' 
mixing. The physical \rj) and \rj') states are mixtures of the octet and singlet states \rj^) 
and |?7i), respectively, and can be written as follows [?]: 



\ ^ ( cos 6'p - sin 6'p \ _ / \r]^) 
J I sin 6'p cos 6'p j 



(1) 



where 

Ir/s) = {\uu) + \dd) - 2\ss)) , Ir^i) = -j= {\uu) + \dd) + \ss)) . (2) 

The mixing between the octet and singlet states is a manifestation of the breaking of 
the SU{?))y flavour symmetry of strong interactions. Alternatively, rj-rj' mixing can be 
described in terms of the isospin singlet states 

\nq) = ^ {\uu) + \dd)) , \ris) = \ss). (3) 

By also taking the possible mixing with a purely gluonic component \gg) into account, 
we can write the following expressions (for a recent detailed discussion, see Ref. jSj): 

It/) = cos (f)p\r]q) - sm(j)p\r]s), (4) 

\r]') = cos (pG sin (f)p\r]g) + cos (f)G cos (f)p\r]s) + sin (f)G\gg)- (5) 

Here it has been assumed, for simplicity, that the heavier rj' contains a larger gluonic 
admixture than the lighter 77 and that the coupling of the latter state to \gg) is negligible. 
Estimates give sin^ 0g ~ 0.1 [o], i.e. ~ 20°, which indicates that the impact of this 
contribution is suppressed. 

The mixing angle 0p is still subject of ongoing studies, using data for processes such 
as Z)+ — )■ r]^'H^vt decays and the two-photon width of the t/^'^ mesons (see Ref. js] and 
references therein). The full spectrum of results correspond to 30° ^ 4>p ^ 45°, with the 
majority of analyses converging at values of (pp around 40°. Consequently, the relations 

cos0p^W^, sin0p^W^, (6) 
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where the numerical values correspond to 0p = 35°, are affected by uncertainties of 
(9(20%). These approximate relations result in the simple expressions 



\v) 



1 

7^ 



\uu) 



W) 



1 

71 



) + \dd) - \ss)) 
uu) + \dd) + 2|ss)) cos 00 + sin^d^f^f). 



(7) 
(8) 



which are useful for SU (3)f analyses of non-leptonic i?-meson decays with r/*^'-* mesons in 
the final states 10 , iT]. In our study we shall follow a similar conceptual avenue, keeping, 
however, (hp free parameter. 

The 5^ —7- J/ipT] mode has dynamics very similar to 5^ — t- J/ipfo with a quark- 
antiquark description assumed for the /o [6]. In particular, the decay topologies are 
the same, and to obtain the transition amplitude we only need to make the following 
substitutions in the relevant formulae: 



COSV5M — ^ — sm0p, smy^M — >■ COS0P, 



(9) 

i.e. ifM introduced in Ref. [6] should be replaced by 0p + 90°. The /o mixing angle 
corresponding to ([6]), (fu ~ 125°, is consistent with phenomenological analyses of the 
scalar /o state in the quark-antiquark picture (see Ref. [6] and references therein). 
Using the unitarity of the CKM matrix, the decay amplitude can be written as 



A2 
2 



with 



sin0p{i?+ 4^*) + 4^^ + 41) 



7=2 



cos 4)p \2A'^'^ + 2A 



PA 



(10) 



and 



Rh 



sin0p < 


[4n4f}-^cos0p] 


'4'') + 24f} 


sin0p < 


+ i^^*) + A^i^ + i^t) } - ^ cos 0p < 


9 /I (c) j_ A 


[J 



(12) 



where we have used the isospin and SU{3)f flavour symmetries of strong interactions 
to identify certain amplitudes and hereby simplify the expressions. In analogy to the 
discussion in Ref. jo], Ar^ and fe^e*'''' are CP-conserving strong parameters, which encode 
the hadron dynamics of the — )■ J/ipr] decay; the labels T, P, E and PA refer to 
tree, penguin, exchange and penguin annihilation topologies, respectively. As usual, 
X = \Vus\= 0.2252 ± 0.0009 denotes the Wolfenstein parameter [T], while 



0.0534±0.0005, A = 



IK 



cb\ 



0.8, Rf, = 



1-A2 ■ • ' A2 

Using ([6]), we obtain the following simplified expressions: 
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2(c) I I(ct) 

rlrp -f- 
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A.{c£) 



PA 



0.5. (13) 



(14) 
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A 



A 



A 



(Ct) 

PA 



The corresponding pa- 



The J/ipT]' amplitude takes the same form as (10). 

rameters Ar^i and bri'e''^^' can be obtained from the expressions in Ref. [g] by making the 
simple substitution (^m—^ 4>p- We observe that the relations in ^ give a structure of the 
5° — )■ J/iprj' amplitude that is analogous to that for 5° — )■ J/ipfo with the tetraquark 
interpretation of the /q. In this case, there is an additional topology that is specific 
to the /o tetraquark state. On the other hand, we have an additional contribution to 

— )■ J/i/jT]' from the gluonic component of the 7]'. Using ([6]), we arrive at 



Ari' ~ 



X'A 



A 



T 



+ if 



+ 2A^^'> 



+ 2A'^2 



+ 



(rf) 
PA.gg 



tan I 



cos (pG 



Rh 



A 



>t) _i_ 1 /I (") I O /I 
3 + 2^E + -^^PA 



+ 



i^pAiggt^'^' 



A. 



^PA 



+ 



1(c) I Act) 
^E,gg + ^PA,gg 



tan( 



(16) 
(17) 



where ilopoiogygg denotes a strong amplitude originating from the \gg) admixture. As 
indicated, the gluonic component can only contribute through exchange and penguin 
annihilation topologies, which are expected to be small in comparison to the tree and 
penguin topologies, respectively [g]. A further suppression comes from tan^^c ~ 0.1. 
It is interesting to note in passing that the dynamics are different in i? — t- Kt]' decays, 
where a gluonic component of the rj' can contribute in the leading penguin topologies. 



3 The J/^rj'<''> Observables 

The Belle collaboration reported the observation of B^ — )■ J/i/jt] and evidence for the 
-B^ — )■ J/tpT]' decay in 2009, with the following branching ratio measurements |l2|: 



BR(S° ^ J/ipri) = [3.32 ± 0.87 (stat.)+°:| (syst.) ± 0.42 (/,)] x 10"^ (18) 

BR(5° ^ Jf-^T]') = [3.1 ± 1.2 (stat.)ll^j (syst.) ± 0.38 (/,)] x 10"^ (19) 

Here the latter errors refer to the Bg fragmentation function fg. 

Using the SU{3)p flavour symmetry, these branching ratios can be related to that of 
B^ —7- J/ipK^. Taking factorizable S'f/(3)F-breaking corrections into account yields 



BR(50 J/V^r/W 



BR(fiO ^ J/iIjK^) 



fact. 



TBI 



(') 



n 3 



n 2 



(20) 



where the r^o and M^o are the B^ lifetimes and masses, respectively. 



Mp + Mj,^ 



Mp-M 



M 



Ba 



(21) 



denotes the phase-space factor for — )• J/i/jP decays, and the (Mj^^) are hadronic 
form factors of quark currents (for a detailed discussion, see Ref. |6]). These relations 
have been used previously to predict the — )■ J/iprj^"^ branching ratios |3 
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We advocate to use the measured values to probe non-factorizable 5'L'^(3)F-breaking 
corrections. To this end we define the quantities 

2 



Mbo<I>1' 



(') 



(22) 



where K^^^^^^ = 1 in the case of vanishing non-factorizable S'[/(3)F-breaking corrections. 



Since non-perturbative calculations of the F^^^^ ^Mj^^ 



form factors are not yet avail- 



able, we project out on the It^^) component in ^ and write 



— sm 



^pFf^"" (M^ 



j/i,) 



Ff^'^' (m; 



cos (pG COS 



hpF^'^'^ (M^ 



(23) 
(24) 



where we neglect 5'f/(3)F-breaking corrections originating from the down and strange 
spectator quarks. Using BR(5° -> J/i^K^) = (8.71 ± 0.32) x 10"^ |7j then yields 



^SU{3) 



sin 40° 
sin (pp 



X (0.87 ±0.27) 



^SU(3) 



COS 20° 

COS0G 



COS 40° 

COS0P 



X (0.8 ±0.4). 

(25) 

These numbers do not indicate any anomalous behaviour, although the currently large 
errors preclude us from drawing stronger conclusions. In Section [5} we will return to the 
B'^ — )■ J/i/jT]^'"^ branching ratios, using them to extract the mixing angles (pp and 0g. 
A simple observable that is offered by the 5° — )■ J/ipr]^'"^ decays is their effective 



lifetime, which is defined through the time expectation value 14 

_ /„°°t(r(i?.(t)^J/^r^M)) dt 
Tj/^^,,- /;°(r(i?,(t)^ J/^r^(')))dt 

of the untagged rate 

(r(S,(t) ^ J/^r^W)) = r(50(t) ^ J/^T^W) ± V{Bl{t) ^ 



(26) 



(27) 



oc e 



cosh 



A'^^'" sinh 



where L and H denote the hght and heavy Bs mass eigenstates, respectively, AFs 



and 



(r^ + Tr )/2 = T^^- This lifetime is equivalent to that resulting 



from a fit of the two exponentials in (27) to a single exponential 15 
lifetime can thus be expressed as 



The effective 



l±2^W%.±y,^ 



(28) 
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where Us = Ars/(2rs). The most recent update for the theoretical calculation of the Bs 
width difference is given as follows |16|: 



Ar 



Th 



0.133 ±0.032. 



(29) 



In Ref. [6], the evaluation of has been discussed in detail for the 5° J/i'fo 
channel, which has a CP-odd final state and offers an interesting probe of CP violation 
. Since the t]^'^ are pseudoscalar mesons with quantum numbers J^"^ = '", the final 
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states of — )■ J/ipr]^'^ are CP even. This sign difference results in 



A 



Ar 



+ A0J/W')• 



Here Cjj^^(,) describes direct CP violation, whereas 



+ 



denotes the B^-B^ mixing phase, where 18 

J SM 



-2/3. 



(2.08 ±0.09)° 



(30) 



(31) 



(32) 



and (j)g are the SM and NP pieces, respectively. The quantity A0j/^^(/) is a hadronic 
phase shift, which can be obtained from 



tan A0j/^^^, 



(') 



2 e h^(,) cos sin 7 ± e sin 27 
1 ± 2 e cos 'd^ii) cos 7 ± cos 27 



(33) 



We observe that the hadronic parameters, which are poorly known, enter Acf)j^^^(,) 
in a doubly Cabibbo-suppressed way. Therefore the effective lifetimes turn out to be 
very robust with respect to the hadronic corrections, in analogy to the situation in 
Bg — 7- J/^pfo- As in Ref. Ig], we use 7 = (68 ± 7)° in order to illustrate the hadronic 



(34) 



effects. As far as the hadronic parameters are concerned, we consider the ranges 



< b^(o < 0.5, 



90' 



< < 270° 



Due to the factor Rj, ~ 0.5 in (15) and (17) the range for b^(,) is conservative. The range 
for the strong phase is motivated by the topological structure of (15) and (17). It is also 



(') 



supported by an SU{3)f analysis of B^ — )■ J/ipn^ data, where the counterparts of 
and ?9 (,) in 5° ^ J/tpK^, a and 9, are found to be a e [0.15,0.67] and 9 e [174,212]° 



at the 1 a level jl9j (see also Ref. [20] ) . For the ranges given in ( 34 ) the hadronic phase 
shift takes values in the interval 



^^j/V'rjC) ^ [-3°,0°]. 



(35) 



Likewise, the direct CP asymmetry satisfies |Cj/^^(/)| ^ 0.05 under these assumptions 

and thereby has a negligible impact on 

Once the B^ — )■ J/ipi]^'^ effective lifetimes have been measured they can be converted 



into contours in the ^.-Ar. plane, as was pointed out in Ref. 21 . The interesting feature 



6 



0.4- 
0.3 
0.2 

^ 11.1 - 
w 

& ().() 
^' 

< -0.1 
-0.2 - 
-0.3 - 
-0.4 - 









i 


! t 


s are for illustrat^n^^^^^^^^^^^ 


□ ^./M,»lsM = 1-385 p.s ±l%t 
_ Ar™/r,, = 0.133 ± 0.032 



Co 



Combined (in quadrature) 

tf„„ =(180 ±90)° 
™ 7 = (68 ± 7 



4 [deg] 




-2 (I 2 

[deg] 



Figure 1: Left panel: the — ?■ J/tpi]^'^ effective lifetime as a constraint in the (pg-Z^Tg 
plane. For illustration we have chosen a central value compatible with the SM values of 0s 



and ATg given in (32) and (37), respectively, and have assumed a lifetime measurement 
with 1% uncertainty. Right panel: the mixing-induced CP asymmetry of B'^ — )■ J/'ipT]^'"' 
as a function of (ps, assuming 7 = (68 ± 7)°, < < 0.5 and 90° < -i^^c/) < 270° for 
the calculation of the error band. We show only the region close to the SM case. 



of this analysis is that it does not rely on the theoretical value AFj^, in contrast to the 
lifetime analysis given in Ref . |6] . Furthermore, using complementary information from a 
second CP-odd final state, such as 5° — )■ J/ipfo, the mixing parameters 0^ and AF^ can 
be extracted. These can then be compared with information from other analyses, such 
as Bg — 7- J/ tlj(f). In the left panel of Fig. [l| we show for illustration the lifetime contour 



that is compatible with the values of (f)s and AF^ given in (32) and (29), respectively. 



The corresponding theoretical SM prediction for the effective lifetimes is 

^j/Vr,(') Ism = (1-385 ±0.029) ps, (36) 

where we have used tb^ = (1.477]';o;q22) PS [22|. In the same plot we have also included 
a contour that arises from the plausible assumption that NP affects AF<. only through 



B^-Bg mixing 23 , implying the relation 

AFl^cos 



ys = -^^--^ = yj^ COS(0SM + ^NP)_ (37) 



Here 0^ is the NP B^-B^ mixing phase, which also enters the phase 0s defined in (|3 
on which A^^^^ depends, whereas the SM piece is given by 0^^ = (0.22 ± 0.06)° 
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) 



There is an interesting trend of the current Tevatron and LHCb data to favour a 



value of AFs larger than (29), which raises the question of whether the corresponding 
theoretical analysis of AFj^uUy includes all hadronic long-distance contributions 21 



It will be interesting to see if this trend will persist with future data or if it will eventually 
disappear. 

A tagged analysis of 5° — )■ J/'ipi]^'^ decays allows the measurement of the following 
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CP-violating rate asymmetry: 

r{B,{t) ^ J/^r^M) - T{B,{t) ^ J/i;r)^'^) ^ Cj/^^,o cos(AM,t) - Sj/^^q) sin(AM,t) 
T{B,it) ^ J/^r/W) + r(5,(t) ^ J/^r^O) cosh(Ar,t/2) + ^^z^'""' sinh(Ar,t/2) ' 

(38) 

where Cj/^^(/) is the direct CP asymmetry that we have already encountered in (30), and 



S 



J/i>ri(') 



1-C 



J/ijriC) 



sm 



(39) 



describes mixing-induced CP violation. The minus sign differs from the mixing-induced 
CP asymmetry of the 5° — )• J/ijjfo channel |6jl because of the opposite CP eigenvalues 
of the final states. In the right panel of Fig. l| we show the dependence of Sj/^^(,) on 
the mixing phase (ps and illustrate how the hadronic SM uncertainties as well as the 
uncertainties on 7 propagate through. We observe that a future measurement of the 
mixing-induced CP asymmetry in the range 



0.03 ^ ^ 0.09 



(40) 



would not allow us to distinguish the SM from CP-violating NP contributions to B^-B^ 
mixing. Should we encounter such a situation, more information would be required to 
accomplish this_task. In this respect, things are similar to analyses of CP violation in 

In the case of the B^ J/'ipi]^'^ decays, the 



24 



SO ^ J/V'/o |6) and 5° 

hadronic uncertainties can be controlled with the help of the B^i J/ ^7]^'^ channels. 



4 The J/V^r/^') Control Channels 



The leading contributions to the B'^ — )■ J/ipi] decay originate from b ccd quark-level 
processes. It is the formal counterpart of the B^ — )■ J/i/jfo mode discussed in Ref. joj. 
Following this discussion, we write 



AiB', ^ J/^r^) = -XA' 



with 



sin0p<|4)+4l^ 



COS0p<l + 



Uct) 



I o 



(41) 



(42) 



and 



Rh 



sin0p < 


f 4(«t)~ 


[ -^COS0p< 
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sin0p ' 


r 4(c) , Aid)} 
^PA ^ 


> -^COS0p< 





(43) 



where we have used SU{3)f arguments to identify the topological amplitudes with those 
in (11) and (12). The simplified expressions in ^ yield 



A' ^ X^A 



i(c) I J(ct) I i(c) I A{ct) 
J-lj, -|- -|- J-lf^ -f 



(44) 
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The key difference of the — )• J/iprj decay with respect to its 5° — )■ J/ipV counterpart 
is that the hadronic parameter b'^e^"^^ does not enter (41 ) in a doubly Cabibbo-suppressed 
way. Consequently, its impact is "magnified" in the — )■ J/tprj observables. On the 
other hand, the branching ratio does suffer from a suppression]^ 

As discussed in detail in Ref. Ig], the exchange and penguin amplitudes play a minor 



role and can be probed through the B^ — )■ J /ipcj) and 5° — )■ J /ipT^^ decays, where already 
the currently available upper bound on the branching ratio of the former decay allows 
us to put the upper bound 



A 



, Aict) 



A 



^0.1. 



(46) 



Neglecting these contributions and using the SU{3)f symmetry (as we have already 
implicitly done in the expression given above), we obtain 



A 



(ut) 



A 



+ Af 



5C/{3)f 



b'^e<. 



(47) 



Interestingly, the dependence on 0p drops out if the exchange and penguin annihilation 
contributions are neglected. Since the parameters 6'^ and can be determined from the 
B^ — )■ J/ ipt] observables in a clean way (in analogy to the discussion for B^ — )■ J/ ipfo in 
Ref. [g]), we can control the penguin effects in the B^ — )■ J/iprj observables. 



As the bij'e 



(') 



are ratios of hadronic amplitudes, we expect (47|) to be robust with 
respect to SU (3)F-breaking corrections. Should the B^ J/iprj data favour a small value 
of b'^, the exchange and penguin annihilation amplitudes could contribute significant 
uncertainties in relating 6^ to 6^. However, the doubly Cabibbo-suppressed corrections 
to the mixing-induced CP violation in B^ — )■ J/ipr] would then be tiny anyway. 

with 



The B'^ — )■ J/ipi] decay was observed by the Belle collaboration 25 



BR(5° ^ J/ijri) = [9.5 ± 1.7(stat.) ± 0.8(syst.)] x 10 



-6 



(48) 



which is consistent with the estimates given in Ref. |3|. We can use this measurement 
to obtain a first constraint on the hadronic parameters with the help of 



A 



r^o BR(50^ J/V^r/)^ 



(49) 



where the branching ratios refer to CP-averaged combinations. The formulae given above 
yield the following expression in terms of 7 and the hadronic parameters: 



1 - 2b'^cos'd'^ C0S7 b'^ 
. + 2ebn cos "i?^ cos 7 + e^fe^ 



(50) 



1 Analogous features apply to B° J/4>Ks (ijjs], -> J/V'/o §, and J/^jjTT° 
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Figure 2: Left panel: constraints in the ^'^-h'^ plane for various values of if^. Right 
panel: correlation between and the direct CP asymmetry of — )■ J/ipf], where the 
solid rings correspond to b'^ = 0.2 and 0.5 with t?'^ allowed to vary; likewise, the dashed 
lines are fixed points of ^'^ with b'^ allowed to vary. In both plots, we have assumed 
7 = 68°. 



In order to extract H^j from the branching ratios, we have to calculate the S'[/(3)-breaking 
ratio of the Arf and A'^^ amplitudes. Using the factorization approximation and keeping 
only the leading tree contributions gives 



Ari 



—a/2 tan ( 



fact. 



(M2 



(51) 



where we have - as in (23) - also neglected S'f/(3)F-breaking corrections that originate 
from the down and strange spectator quarks. Using the form factors 



0.615 ±0.076, F^^'' (M; 



0.49 ±0.06 



(52) 



calculated with the leading-order light-cone QCD sum-rule results of Ref. |26j, as well 
as the measured -B^^ — )■ J/ipr] branching ratios given earlier, we finally arrive at 



tan 40° 
tan (hp 



1 00+0.611 +0.501 
-■-•^0-0.39 I BR-0.40 Iff 



1.28: 



-0.79 
-0.56- 



(53) 



The errors reflect only the experimental and form-factor uncertainties and do not take 
non-factorizable S'f/(3)-breaking corrections into account. Using the factorization tests 



in (25), a future more precise measurement of the — )■ J/iprj branching ratio should 
give us better quantitative insights into these effectsj^ In Fig. [2| we convert this result 
into contours in the 'd'^-b'^ plane (see Ref. [6j for details). 

As soon as measurements of the CP asymmetries for B^ — )■ J/ iprj become available we 
will be able to determine b'^ and 6'^ in a clean way. Subsequently, we can determine H.^^ 



'Recent studies of other i3(s)-meson decays indicate small effects of this kind 14 27 . 
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through (50). Using then the information from the branching ratios and (49) and (51), 
we can determine |tan0p|. Ahernatively, assuming that we will have a sharp picture 
of 0p by the time these measurements become available (see also Section |5]), we can 
perform another test of non-factorizable S'f/(3)F-breaking corrections. 

The counterparts of the hadronic parameters in (16) and (17) for B'^ — )■ J/iprj' are 



6 L 



and 



tan( 



>G 



cos (pc 



(54) 



Rh 



_|_ 



-44f + v^4t!ggtan. 



A, 



T 



+ 44^) 



+ 4i|'*) 



^PA 



+ 



E,gg 



I Act) 

+ ^PA.gg 



tan I 



>G 



(55) 



respectively. Neglecting the exchange and penguin annihilation topologies, the control 
of the hadronic parameters in the — )■ J /ipr]' observables by means of the B^ — )■ J /iprj' 
mode is analogous to the case of the — )• J/ifjir] channels. 



5 Determination of the 77—77' Mixing Parameters 

Let us finally discuss determinations of the rj-rj' mixing parameters through measure- 
ments of the -Bg^ Jj'^if-'^ branching ratios. If we project out on the singlet states 
in (|4]) and ([s]) and assume that the exchange and penguin annihilation topologies give 
negligible contributions, we obtain the relation 



BR(50 ^ J/iPr]') [ ^'l 



BR(i?o ^ J/^r/) 



cos <pc 
tan^ (hp 



1.3: 



-1.5 

-0.5' 



(56) 



which does not assume S'f/(3)F or factorization; the numerical value corresponds to the 
Belle result p^. The same expression with 0g = has already been given in Ref. 28 . 
In analogy to (56), we introduce the following ratio for the B^ decays: 



Ra 



BR(i?o ^ J/H) I 
BR(i?o ^ J/^r/) I 



cos^ (pG tan^ (pp. 



(57) 



Using the experimental value in (48), this expression results in the prediction 

2 r 



BR(5° J/H) 



cos (pG 

COS 20° 



tan( 



tan 40° 



X (4.7 ±0.9) X 10" 



(58) 



Only the upper bound BR(i?2 J /ipr]') < 6.3 x 10"^ (90% C.L.) is currently available 
from the BaBar collaboration [29] . 

Once the B^ — )■ J /ipr]' branching ratio has been measured, we can use 



Rd 
R.s 



tan 



RgRd 



cos (pG 



(59) 
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I — I R,, = 0.60 ±0.13 
Ri = 0.62 ± 30%t 



0.0 0.2 0.4 0.6 



0.8 1.0 1.2 
tan(0p) 



1.4 



l.C 1.8 




t For illustration only 



p _ 1 .1+1. E) 

rxxi — ^'^-0.5 

I — I i?o = 0.60 ±0.13 

IZZJ -Rrf = 0.62 ± ; 



30 3.5 40 45 50 55 60 65 70 75 80 85 90 
4>P [deg] 



Figure 3: Constraints on the 77-77' mixing parameters from the — )■ J/-ipr]^'^ and 
— )■ J/tpir^ branching ratios as discussed in the text. Note that the right panel does 
not show all the discrete angular ambiguities. 



to determine the mixing angles up to fourfold discrete ambiguities. It is interesting 
to note that the 4th powers in these expressions result in precise determinations of 
I tan0p| and | cos0g| even for branching ratio measurements with significant errors. If 
we assume, for illustration, future measurements of Rs = 1.3 ± 0.4 and Rd = 0.6 ± 0.2, 
i.e. with precisions of 30%, we would obtain 0p = (39.5 ± 3.1)° and ^ [0°,33°]. 

In Fig. |3} we have illustrated this method, showing the contours for the current 
experimental value of Rs in (56) and our illustrative value of Rd = 0.6 ± 0.2. It is 



interesting to include also the constraint from the following ratio 30 



Rn = 



BR(50 ^ J/^ttO) I $2 



cos 



jp. 



(60) 



Here penguin annihilation and exchange topologies were again neglected. The penguin 
parameters of the — )■ J/i/jtt^ decay [l9,20 are then the same as in the 50 ^ J/^T]^'^ 
modes. In particular, we expect also the same direct and mixing-induced CP asymme- 



tries. As (60) does not depend on (pa, we can straightforwardly convert the Belle result 
in (|48|) with BR(5° ^ J/i/jir^) = (1.76 ± 0.16) x 10"^ |7] into 



my 



(61) 



The intersection of the corresponding band in Fig. [3] with the Rg contour gives 0g = 17° 
for the central values. These results are in good agreement with those discussed at the 
beginning of Section |2} 



6 Conclusions 

The B'^ — )■ J/ipr]'^'^ decays offer interesting insig hts into the mixing parameters 

through their effective lifetimes and mixing-induced CP asymmetries. We have per- 
formed an analysis of these observables, focusing on hadronic SM corrections which 
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enter in a doubly Cabibbo-suppressed way. It turns out that the effective hfetimes are 
particularly robust with respect to these effects. Once they have been measured, we can 
convert the corresponding experimental results into contours in the (pg-AFs plane. As far 
as the mixing-induced CP asymmetries are concerned, measured values within the range 
0.03 ^ Sji^^(i) <^ 0.09 would not allow us to distinguish CP-violating NP contributions 
to Bg-Bg mixing from SM effects, unless we can control the hadronic SM corrections. 

We have shown that this can be accomplished with the help of the B^ J/ip-q^'^ 
channels and the SU{?>)-p flavour symmetry. In these decays, the relevant hadronic pa- 
rameters are not doubly Cabibbo-suppressed. Only a branching ratio measurement for 
B^ — 7> J /ipT] is available from the Belle collaboration, which wc have used to obtain the 
first value of the observable. This observable implies (still pretty poor) constraints for 
the hadronic parameters. The next important step to constrain them in a more stringent 
way would be the measurement of direct CP violation in B^ J/i/jt]. Other interesting 
control channels in this respect are B^ — )■ J/t/jKs and B^ — > J/t/jn^. If exchange and 
penguin annihilation topologies are neglected, they depend on the same penguin param- 
eters and 0'^(,)- It is important to obtain stronger experimental constraints on these 
topologies in the future through decays such as -B^ — )■ J/ipcf) and — )■ J/ipTi^. 

In addition to exploring CP violation, the B'^ — )■ J/iprj^'^ and B^ J/iprj^'^ decays 
allow us to probe non-factorizable SU (3)F-breaking effects and ofTer interesting strategies 
for determining the 77-77' mixing parameters from their ratios of branching ratios, Rs and 
Rd- Unfortunately, the B^ — )■ J/ipt]' branching ratio, which we predict at the 5 x 10~^ 
level, has not yet been measured. But using the other currently available — )■ J/^pr]^'^ 
data in combinations with BR(5^ J/t/jn^), we obtain a picture for the mixing angles 
(f)p and (pG in good agreement with other information. Future measurements of Rs and 
Rd with 30% precision would result in uncertainties of A0p ~ ±3° and A^^ ~ ±15°. 

We have seen that the amplitude structures of the — )> J/ipr] and — )> J/ipt]' 
decays correspond formally to the quarlc-antiquark and tetraquark descriptions of the 
/o in — )■ J/ipfo, respectively. From the theoretical point of view, the situation in 
the Bg^ ^ J/tjjr]^'^ system is more favourable than in 5°^ — )■ J/ipfo as the hadronic 
composition of the /o is still not settled. On the other hand, the latter system is more 
promising from an experimental point of view because of the dominant /o — )■ tt^tt" 
channel. The most prominent rj^'^ decays involve photons or neutral pions in the final 
states, which is a very challenging signature for 5-decay experiments at hadron colliders 
and appears better suited for the future e^e~ SuperKEKB and SuperB projects, which 
is also reflected by the previous Belle and BaBar analyses of the B^^ ^ J jipvl^^ modes. 
We hope that our experimental colleagues will eventually meet the practical challenges, 
thereby putting yet another system on the roadmap for testing the CP-violating sector 
of the SM, probing non-factorizable 5't/(3)F-breaking effects and exploring 77-77' mixing. 
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